The multifunctional proteins leukemia inhibitory factor (LIF) and insulin-like growth factor I (IGF-I) are expressed in overlapping patterns during development and, therefore, may act cooperatively. We show that mice doubly deficient in LIF and IGF-I all died at birth of apparent respiratory failure. Growth retardation, muscle hypoplasia and delayed ossification in IGF-I-deficient E18.5 mice were exacerbated by the absence of LIF. The transcription factor Sp3 was decreased in the skeleton of the double null mice. Pronounced depletion of olfactory bulb neurons, in contrast, was only IGF-I-dependent. The lungs displayed reduced air space in the IGF-I-deficient embryos and neonates, phenotype exacerbated in the double nulls, which showed abnormal epithelial cells and decreased Sp3 expression. In addition, the transcription factor TTF-1 and the surfactant protein B were lower in the lung of the double null neonates than in all other genotypes. LIF and IGF-I, thus, have cooperative and distinct tissue functions during development. Their essential role in bone ossification apparently involves Sp3, and in lung maturation Sp3 together with TTF-1. q
Introduction
Networks of intercellular signaling cytokines/growth factors acting coordinately lead to distinct rates of cell division, differentiation and survival, specific for each organ and tissue (Health and Valancius-Mangel, 1991; Edlund and Jessel, 1999) . Leukemia inhibitory factor (LIF) and insulinlike growth factor I (IGF-I) are members of two protein signaling families with a broad spectrum of common cellular targets (Kurzrock et al., 1991; Hilton and Gough, 1998; Rosenfeld and Roberts, 1999) .
Lif mRNA is expressed early in development in the trophoblast and ectoplacental cone Nichols et al., 1996) . Between embryonic day (E) 15 and birth in rodents, it is found in calvaria, skin, muscle, lung, heart, intestine, brain and liver (Patterson and Fann, 1992; Robertson et al., 1993) . In mouse lung, maximum expression occurs in neonates . LIF protein is highest in the neonatal central nervous system (CNS), in the thalamus, hippocampus, olfactory bulb and amygdala . LIF binds a heterodimeric receptor of broad distribution composed by the LIF receptor subunit (LIFR) and the transducing subunit gp130 (Nichols et al., 1996; Qiu et al., 1997; Hilton and Gough, 1998) , activating a signaling cascade, which typically recruits protein tyrosine kinases of the JAK family and STAT transcription activators (Kato et al., 2000) . The multiple in vitro effects of LIF include maintenance of embryonic stem cell totipotency, diverse effects on bone, hepatic and hematopoietic cells, as well as promotion of survival and differentiation in various neural cell lineages (Kurzrock et al., 1991; Turnley and Bartlett, 2000) . LIF knockout mice are born normally and grow slightly smaller than wild types (Stewart et al., 1992) . The CNS of adults is grossly normal except for a reduction in glial fibrillary acidic protein (GFAP) expression in astrocytes (Bugga et al., 1998) , and a cryptic effect in motor neurons survival (Sendtner et al., 1996) . No detailed examination of lung, muscle, and other organs has been reported. Deletion of LIFR causes perinatal death with multiple defects (Ware et al., 1995; Li et al., 1995; Koblar et al., 1998) , whereas the absence of gp130 causes embryonic lethality Nakashima et al., 1999) . IGF-I signals in both endocrine and auto/paracrine fashion, and is expressed in nearly every tissue during development but it is strictly regulated in time and cell type expression (Rosenfeld and Roberts, 1999) . In rodents, Igf-I mRNA has been demonstrated between E12 and birth in cartilage, skin, vibrissae, muscle, lung, heart, kidney, brain, intestine, and liver (Ayer-le Lievre et al., 1991; Bartlett et al., 1991; Bondy, 1991; Klempt et al., 1992; Schüller et al., 1995) . In the lung, Igf-I mRNA is found in both epithelial and mesenchymal cells, with levels high at E17-E20 in rat, decreasing at birth and increasing again in neonates (Klempt et al., 1992; Schüller et al., 1995) . In the CNS, Igf-I mRNA is present, among other regions, in the olfactory bulb, where it increases from E13 to E21 (Ayer-le Lievre et al., 1991; Bartlett et al., 1991; Bondy, 1991) . IGF-I binds and activates the ubiquitous type I IGF receptor (IGFR), a tyrosine kinase that phosphorylates a variety of substrates, including IRSs family (Rosenfeld and Roberts, 1999; Hunter, 2000) . Various STAT proteins are also phosphorylated by the insulin receptor/IGFR kinases, and LIF induces phosphorylation of IRSs, providing a mechanism for crosstalk between LIF and IGF-I signal transduction pathways (Argetsinger et al., 1995; Waters and Pessin, 1996) . Cellular effects of IGF-I are of broad spectrum, from survival to differentiation and migration of multiple cell types (Rosenfeld and Roberts, 1999) . Targeted deletion of the Igf-I gene results in embryonic and postnatal growth retardation affecting the skeleton and other organs Powell-Braxton et al., 1993; Beck et al., 1995; Cheng et al., 1998) . These mice have lung and muscle hypoplasia, which explains their respiratory distress and high lethality Powell-Braxton et al., 1993) . No detailed study of the lung phenotype has been performed, although the neonatal lung was shown to have less defined, thicker septae (Powell-Braxton et al., 1993) . Multiple transcription factors are activated during lung development . The homeodomain-containing transcription factor TTF-1 is involved in the transcription of pulmonary surfactant proteins (SP-A, SP-B and SP-C), and cooperates with the ubiquitous transcription factor Sp3 to activate specifically the SP-B gene (Margana and Boggaram, 1997) .
Our understanding of the developmental role of endogenous growth factors/cytokines is limited by the study of single gene knockouts, as these molecules may interact in complex networks (Health and Valancius-Mangel, 1991; Ip and Yancopoulos, 1996; Waters and Pessin, 1996; Hunter, 2000) . An initial observation that supports the cooperation of LIF and IGF-I signaling pathways is the finding of decreased expression of IGF-I in the sciatic nerve of adult LIF null mice (De Pablo et al., 2000) . Here, we analyze whether LIF and IGF-I collaborate during development by generating double mutant mice and we present organ-specific effects. The decreased Sp3 expression in bone and lung and the decreased TTF-1 in lung of the double null mice suggest that these transcription factors are implicated in the mechanism of cooperative interactions of LIF and IGF-I.
Results

Simultaneous inactivation of Lif and Igf-I genes uncovers LIF effect on embryonic growth
Crossing Lif þ/2 Igf-I þ/2 mice generated embryos belonging to nine genotype classes. The expected Mendelian ratios were maintained in a total of 283 embryos (45 genotyped at E15.5 and 238 at E18.5). Double mutant Lif 2/2 Igf-I 2/2 mice were alive at E18.5 and appeared to be grossly normal, but smaller than their littermates (Fig. 1) . LIF null embryos were 93% the size of controls, a nonsignificant difference. IGF-I null embryos weighed 66% of control, similar to animals from the original colony ; this represents a significant reduction of 27% compared to the LIF nulls (P , 0:001). The weight of double null embryos was 53% that of controls; this represents an additional 13% decrease compared to the IGF-I single null embryos (P , 0:01) (Fig. 1) . The absence of LIF thus aggravates the growth retardation seen in the IGF-I null embryos, and demonstrates a cryptic growth role for LIF that is revealed by the absence of IGF-I. 2.2. Progressive abnormalities in the skeletal system of single IGF-I and double LIF/ IGF-I null embryos and decreased Sp3 in double null neonates
We then analyzed the skeletal system in E18.5 embryos stained with alcian blue/alizarin red. The skeletons from LIF, IGF-I, and double knockouts showed a progressive size reduction ( Fig. 2A) . During handling, skeletons of Lif
2/2
Igf-I 2/2 mutants were more fragile (three out of five did not tolerate the staining procedure) and less dense, as visualized by reduced alizarin red uptake, although overall bone morphogenesis appeared normal. Whereas delays in ossification of the Lif þ/þ Igf-I 2/2 or Lif þ/2 Igf-I 2/2 embryos were slightly variable between litters, the double nulls consistently showed the most retarded phenotypes. Ossification of the xyphoid process was markedly delayed in the double mutant embryos, normal in the LIF mutant, and variable in the IGF-I mutant embryos, a pattern similar to that found in the sternae. The ribs were thinnest in the double null as well (Fig. 2B) . Similarly, vertebral column ossification showed the progressive delay in the Lif þ/þ Igf-I 2/2 and Lif 2/2 Igf-I 2/2 mutants compared with the wild type and LIF null embryos (Fig. 2C) . Cranial ossification was clearly delayed in the double mutant embryos, as seen in the nasal, parietal, interparietal and supraoccipital bones. The IGF-I mutant showed an intermediate phenotype and the LIF mutant had no obvious alteration (Fig. 3) . These results confirm the slight delay in ossification reported in IGF-I mutant embryos . The simultaneous lack of LIF and IGF-I further impaired ossification, which was more evident in the skull than in the longitudinal bones, although abnormal cellularity was evident in long bone sections (Fig. 4B) . Among the large family of Sp transcription factors, the null mutation of Sp3 in mice has been reported to cause death at birth (Bouwman et al., 2000) and impaired ossification (Göllner et al., 2001 ). Thus, we analyzed the protein expression of Sp3 in long bones and found high levels in the wild type mice in the humerus (Fig.  4C) , a slight decrease in the IGF-I null and marked decrease in the double null bone (Fig. 4E,F) . Therefore, a cryptic contribution of LIF to bone ossification was observed in the absence of IGF-I, and this cooperative action appears mediated, at least in part, by Sp3.
Muscle and skin hypoplasia in double LIF/IGF-I null embryos
Histopathological examination of the E18.5 mutant embryos revealed additional alterations in tissues that contribute significantly to the total body weight, such as muscle and skin (Fig. 5) . Sections through the intercostal muscles showed differences in thickness between the apparently normal Lif þ/2 Igf-I þ/2 ( Fig. 5A ) and Lif
2/2
Igf-I þ/þ (Fig. 5B) , and the muscle hypoplasia of the single IGF-I null ( Fig. 5C ) and, even more, in the double mutant (Fig. 5D ). The skin of the double deficient embryos displayed several abnormalities, such as decreased epidermal thickness, with flattened keratinocytes in the basal layer, and delayed development of the hair follicles ( Fig.  5G ,H). In controls, most of the hair follicles appeared at developmental stage 3 -4 (Paus et al., 1999) (Fig. 5E (arrows) and F). In contrast, in double mutant embryos, most of the hair follicles appeared at developmental stages 1-2 (Paus et al., 1999) (Fig. 5G (arrowheads) and H). These abnormalities were also observed, although more variably, in IGF-I null embryos; concurring with this, hair eruption in surviving IGF-I null mice was delayed by 2 -3 days compared to control littermates. Surprisingly, there was no evident histopathology, at E18.5, in intestine and kidney in the absence of both IGF-I and LIF (data not shown), despite their high expression in these tissues during normal development.
Absence of IGF-I causes neuronal defects in the olfactory bulb
E18.5 embryos were analyzed to see the effects of abrogating both Igf-I and Lif genes on CNS development. The anatomy of most regions appeared normal in the mutant mice, although the lack of IGF-I resulted in a size reduction of many areas, as reported Beck et al., 1995; Cheng et al., 1998) . The exception was the olfactory bulb, which was markedly altered in all E18.5 embryos lacking IGF-I (Fig. 6 ). The characteristic laminar organization of E18.5 olfactory bulb (Bailey et al., 1999) was clear in control mice, whereas the mitral cell layer was notably reduced and disorganized in Lif þ/þ Igf-I 2/2 and Lif 2/2 Igf-I 2/2 mice ( Fig. 6A -D) . Indeed, the glomerular layer, the remaining mitral cell layer and the granule cell layer had diffuse boundaries, and the external plexiform layer was thin compared to controls. The number of mitral neurons was reduced by 70% (P , 0:001) compared to wild type and Lif þ/2 Igf-I þ/þ mice (Fig. 6E ). This decrease was not, however, dependent on the reduction in olfactory bulb size, which varied widely in the IGF-I null embryos (Fig. 6F ). These defects were found to be similar in all single IGF-I null and double null mutants examined. The altered olfactory bulb phenotype is thus due to the absence of IGF-I during the embryonic period.
Mortality and lung hypoplasia in double null embryos
Considering the high neonatal mortality of the IGF-I null mice in the original colony , it was of interest to evaluate the impact of simultaneous LIF absence on postnatal survival. Mortality was calculated as the proportion of dead animals of the total born and genotyped between birth and weaning (n ¼ 1070). Of the nine genotypes, four groups were clearly distinguishable by mortality rates (Table 1) . Groups with less than 6% mortality included wild type, single heterozygotes and double heterozygotes. A second group, with a mortality rate of approximately 10%, included LIF nulls (Lif 2/2 Igf-I
and Lif 2/2 Igf-I þ/2 ). The third group, with a rate of approximately 60% included the IGF-I nulls (Lif þ/þ Igf-I 2/2 and Lif þ/2 Igf-I 2/2 ). In the final group, the double null mutants, of which 100% died at birth, only one animal out of 29 was found alive, but despite obvious efforts to breathe, it became cyanotic and died within the first hour. The cooperation of LIF and IGF-I is thus critical for postnatal survival.
One possible cause of death in the double mutants is respiratory failure. We therefore examined the lungs in single and double mutants at E18.5. Lung tissue of Lif 2/2
Fig. 5. Muscle and skin phenotypes in E18.5 embryos. Representative H&E stained cross-sections through the thorax at similar levels show normal intercostal and thoracic wall muscle thickness in double heterozygote (A) and LIF null embryos (B), whereas these are thinner in the IGF-I null (C) and even thinner in the double null embryos (D). Skin thickness is also decreased in the double null embryo (D,G) relative to the controls (A,E). Hair follicles are more advanced (arrows), with fully formed dermal papilla in the controls (E,F). In contrast, in the double null embryos (G,H) only dermal condensates are observed (arrowheads in H). The scale bar corresponds to 150 mm in (A-D), 120 mm in (E,G) and 60 mm in (F,H). im, intercostal muscle; e, epidermis; dc, dermal condensate; dp, dermal papilla. Fig. 6 . Structure, number of mitral neurons and area of olfactory bulb in E18.5 embryos. Representative H&E stained coronal (A-D) sections are shown. In the absence of IGF-I (C,D) the MCL (arrowheads in A) is dramatically diminished and this phenotype is maintained but not aggravated in the double null embryos (D). The same phenotype was observed in mice from four to five litters. ONL, olfactory nerve layer; GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; IPL, internal plexiform layer; GCL, granule cell layer; SE, subependymal cell layer. The scale bar corresponds to 270 mm. (E) Number of mitral neurons shown as mean^SEM per olfactory bulb (n ¼ 3 -4 animals per group), and compared by Student's t-test; *P , 0:001 with respect to control mice. (F) The OB area was measured in coronal sections of wild type mice (circles) and IGF-I nulls (diamonds). A marked decrease in the number of mitral neurons was observed in IGF-I null mice, independently of the OB area.
Igf-I
2/2 embryos was clearly more compact than in the rest of the genotypes, featuring very small alveolar spaces and thicker septa (Fig. 7A -D (Fig. 7E,F) whereas IGF-I null lungs, even in animals that respirated, had an increase in PAS þ cells (Fig. 7G ). The double nulls had numerous strongly PAS þ cells in the collapsed lung tissue (Fig. 7H) , indicating further delay in maturation. In semithin sections, the cellular organization of the extremely narrow alveolar spaces in double mutants lung was very different from control lung. Normal alveoli were surrounded mainly by flat epithelial cells with ellipsoid nuclei (Fig. 7I ). They gave a smooth, continuous appearance to most of the alveolar surface. In contrast, the double null lung alveoli lacked most flat cells (putative type I). Instead, alveolar spaces were covered by large cells, rounded or cubic in shape, probably corresponding to abnormal type II cells (Fig. 7J) . The reduced alveolar spaces thus had a very irregular surface. In addition, ultrastructural characteristics of these cells included abundant microvilli (Fig. 7L ) and large, clear cytoplasmic areas with organelle exclusion (Fig. 7L, asterisks) ; very few capillaries were seen around the narrow alveolar spaces. These features were not observed in the cells lining the alveoli of control lungs, which were predominantly flat epithelial cells, with dense and scarce cytoplasm. Here, erythrocytes were frequently found within capillaries close to large alveoli (Fig. 7K ). These observations strongly suggest that abnormal lung development is a likely factor in the perinatal death of double null mice. Inspection of the heart and other viscera revealed no obvious anatomical abnormalities that would contribute to lethality.
Decreased Sp3 and TTF-1 in double LIF/IGF-I null lung
To begin characterizing the molecular mechanism underlying the lung pathology found in the mutant mice, we analyzed the content of transcription factors known to play a role in lung morphogenesis and maturation. The absence of Sp3 has been reported to cause perinatal death due to respiratory failure (Bouwman et al., 2000) . We found strong staining for Sp3 protein in the wild type and LIF null neonatal lung, a moderate decrease in the aerated lung of the IGF-I null mice, and a dramatic decrease in the nearly compact double null lung (Fig. 8) . Accordingly, mRNA levels for Sp3, measured by non-radioactive (data not shown) and radioactive in situ hybridization, were decreased in the IGF-I null neonatal lung and very low in the double null lung (Fig. 8H) .
The lack of TTF-1, a lung-and thyroid-specific transcription factor, also causes lung hypoplasia with lack of alveoli, and results in respiratory distress and neonatal death in mice (Kimura et al., 1996) . We found that TTF-1 mRNA increased markedly between E18.5 and the neonatal period in the wild type ( Fig. 9A and inset) and LIF null embryo lungs (Fig. 9B and inset) . This developmental increase was less marked in the IGF-I null lung ( Fig. 9C and inset) and did not occur in the compact double null lung ( Fig. 9D and inset) . As would be predicted, in view of the decrease of these transcription factors implicated in the regulation of several surfactant proteins , the level of SP-B mRNA was moderately low in the IGF-I null embryo and very low in the double null embryo lungs relative to the wild type or LIF null levels (Fig. 10) . Morphogenesis and maturation of the lung is thus impaired in the absence of LIF and IGF-I as a result of, at least, decreased Sp3 and TTF-1 expression.
Discussion
Deletion of LIF in the absence of IGF-I compromises survival and reveals an effect of LIF on embryonic growth
Developmental cooperation of LIF and IGF-I, two multifunctional factors often co-expressed and with partially shared signal transduction pathways, was analyzed in doubly null mice. All neonates died at birth, suggesting synergistic cooperation of these factors in vital functions, since only 10% of LIF single null mice and 59% of IGF-I single null mice died before weaning. The study of E18.5 and neonatal double nulls, compared with single mutants, uncovered the participation of LIF in fetal growth, and functional collaboration with IGF-I in bone, muscle and lung development.
We observed an enhancement of the growth phenotype in the IGF-I null mice when one and two Lif alleles were absent. Since the slight weight decrease of the LIF null 
2/2 54 63 2/2 2/2 29 100 a A total of 1070 mice were genotyped between birth and weaning. b The mortality of the single gene null animals was scattered throughout the first 2 weeks. All double null mice died at birth. embryos was not significant, the effect of LIF in fetal weight is revealed in the absence of IGF-I. The main tissues contributing to embryo weight in late development are the skeleton, muscle and skin, and all were affected to a greater degree in the double LIF/IGF-I nulls than in single mutants; thus, the overall growth phenotype reflects the alteration of these tissues.
LIF and IGF-I act in concert in bone development involving the transcription factor Sp3
The ossification deficit in the LIF/IGF-I double mutant affects cranial and facial bones more than longitudinal bones, as was found in the IGFR mutant Louvi et al., 1997) . Moreover, in the LIFR knockout, bone mass is decreased three-to four-fold and osteoclast numbers increased by six-fold (Ware et al., 1995) . Osteoblasts secrete LIF and express LIFR (Allan et al., 1990) , and LIF excess in adult mice results in mineralized overgrowth (Metcalf and Gearing, 1989) . At the present level of analysis, we can only emphasize that LIF absence alone can be compensated in bone in late embryos, but in the absence of IGF-I, its contribution to ossification becomes evident. Recently, the transcription factor Sp3 has been shown to be essential for late bone development (Göllner et al., 2001) . The delay in ossification in Sp3 null mice affects both the skull and longitudinal bones, very similar to the double LIF/IGF-I null phenotype. As occurs in lung (see later), we reasoned that Sp3 could be a point of convergence of LIF and IGF-I action in bone. The expression of Sp3, slightly diminished in the IGF-I null long bones, and markedly decreased in the double null, as evidenced at the protein (Fig. 4) and mRNA levels (note arrows in Fig. 8F , H), supports this view.
Muscle hypoplasia may contribute to breathing failure in the LIF/IGF-I double nulls. Such a deficit has also been described in IGF-I mutant embryos, and is more pronounced in mice lacking IGFR Powell-Braxton et al., 1993) . Myogenin expression is an obligatory part of the stimulation of myogenesis by IGF-I, and mice lacking myogenin also die of respiratory difficulties immediately after birth (Florini et al., 1996) . However, no major change in myogenin expression was detected in the IGFR mutant . IGF-I induces muscle hypertrophy through activation of calcineurin, a Ca 2þ /calmodulindependent phosphatase (Semsarian et al., 1999) . LIF also induces cardiac hypertrophy through an increase in calcineurin (Kato et al., 2000) . The cooperative action of IGF-I and LIF in muscle development, suggested by the phenotype reported here in double mutant mice, may therefore converge at the level of calcineurin.
IGF-I is required for olfactory bulb mitral cell development
Mice lacking IGF-I show a decrease in brain and spinal cord size, but the structure of most CNS regions is preserved Beck et al., 1995; Cheng et al., 1998) . In the olfactory bulb, however, a depletion of mitral neurons was reported in adult animals (Cheng et al., 1998) . Whether mitral cell losses arose during development was not described. We found that the lack of IGF-I disrupts olfactory bulb development by decreasing the number of mitral neurons and altering cell layer lamination. This phenotype concurs with the finding that IGF-I and its receptor are expressed in embryonic mitral cells (data not shown) suggesting that IGF-I may act in an autocrine/paracrine mode. In contrast, the lack of phenotype in the LIF null olfactory bulb is surprising, since LIF protein is expressed in the mitral cell layer, in a few periglomerular cells and in subependymal cells (data not shown). Compensatory mechanisms may involve other members of the neuropoietic cytokine family that share the LIFR signaling system. Interestingly, activation of both the JAK/STAT and the PI-3 kinase pathways are involved in the promotion of motoneurons survival by cytokines (Dolcet et al., 2001 ).
Cooperation of LIF and IGF-I is required for lung development and maturation
A primary postnatal adaptive process, which occurs within minutes, is the onset and maintenance of respiration. This failed in the mutants, which had a cyanotic complexion and collapsed lungs at autopsy. The mouse lung undergoes the canalicular stage at around E17, followed by the terminal sac stage between E17 and postnatal day 5, when pneumocytes differentiate (Warburton et al., 2000) . We observed an increasing deficit in lung development from the apparently normal LIF mutant, to the moderately affected IGF-I mutant, to the markedly affected double LIF/IGF-I null mutant. In the absence of both factors, the lung was an almost solid structure, revealing synergistic cooperation of LIF and IGF-I in the cellular processes involved in lung morphogenesis, such as concerted proliferation and apoptosis (Ten-Have-Opbroek, 1991). This lung hypoplasia was the probable cause of death immediately after birth. Other knockout mice described with lung hypoplasia and respiratory failure are the IGFR null , the EGF receptor null (Miettinen et al., 1997) , the TTF-1 null (Kimura et al., 1996) , the Sp3 null (Bouwman et al., 2000) and the nuclear factor I-B null (Gründer et al., 2002) . The reduction in capillaries, the thick alveolar walls and the decrease in alveolar volume found in LIF/IGF-I nulls leads to a reduced surface for air -blood gas exchange, similar to that suggested for the newborn EGF receptor mutant mice (Miettinen et al., 1997) . Since normal IGF-I receptor signaling is required for the mitogenic activity of the EGF receptor (Coppola et al., 1994) , and there are several points of potential crosstalk between the STAT pathway and the IRS pathway stimulated by LIF and IGF-I (Argetsinger et al., 1995; Waters and Pessin, 1996) , it will be of interest to address this signal convergence in future studies.
Similarly to signaling factors, several transcription factors are likely to be involved in the morphogenesis and maturation of the lung . Lung hypoplasia with abnormal alveoli and vasculogenesis has been reported in mice lacking TTF-1 (Kimura et al., 1996; Losada et al., 2000) and in mice heterozygous for the Foxf1 gene (Mahlapuu et al., 2001; Kalinichenko et al., 2001 ). In 
neonates compared to the double null (D). Lif þ/þ Igf-I 2/2 mice with nonaerated lung in this case (since the phenotype of these mice was the most variable, there were neonates with much larger alveoli, such as that shown in Fig. 8C ) show an intermediate signal (C). Scale bar, 76 mm.
contrast to the Sp3 null mice, also dying of respiratory failure, the Foxf1 mutants have decreased expression of the surfactant protein SP-B. The absence of SP-B, following gene deletion, caused neonatal death by respiratory failure as well (Clark et al., 1995) . These findings correlate with the observation that the SP-B promoter is activated by TTF-1 (Bohinski et al., 1994) and, additionally, by Sp1 and Sp3, together with HNF3a (Margana and Boggaram, 1997) . Parallel synergistic effects of the ubiquitous transcription factor Sp3 (Suske, 1999) , the lung-(and thyroid-) specific factor TTF-1, as well as nuclear factor I-B (Gründer et al., 2002) , appear to converge to regulate lung development. The balance of this combinatorial effect is distorted in the absence of LIF and IGF-I. Concordantly, the double LIF/ IGF-I null mice had very low SP-B expression, whereas IGF-I null mice had only a slight decrease. The cryptic effect of LIF on lung maturation, uncovered in the IGF-I mutant background, is consistent with the synergy between the two factors causing mortality of the double null mice. This finding points to the multiple factors that may trigger respiratory distress syndrome in human newborns, a common cause of sudden death.
The results presented here demonstrate the functional interplay between a cytokine and a growth factor, LIF and IGF-I, in several tissues during development. IGF-I null tissues, particularly lung, bone and muscle, are at a further disadvantage and their deficits are intensified if they simultaneously lack LIF signaling. The data uncover developmental roles of LIF, separate from its role in inflammation (Cheng and Patterson, 1997) , and extend the interaction of LIF and IGF-I, previously reported in pituitary (Yano et al., 1998) . The cooperation of LIF and IGF-I in maintaining the levels of Sp3 in bone, transcription factor needed for ossification, and of Sp3 and TTF-1, needed for lung differentiation and maturation, is remarkable. These findings provide in vivo support for the idea of crosstalk between cytokine receptor/Janus kinases and tyrosine kinase receptor signaling pathways that is fundamental to the robust developmental circuits in vertebrates.
Experimental procedures
Mice and genotyping
The mutant mice for Igf-I and Lif genes were kindly provided by Drs Argiris Efstratiadis (Columbia University, NY) and Colin L. Stewart (National Cancer Institute, Frederick, MD), respectively Stewart et al., 1992) . The IGF-I colony was bred on a mixed 129/ Sv £ MF1 background and the LIF colony on a 129/ Sv £ C57Bl6/j £ BALB/c background. and a 394 bp Eco RI/Xba I fragment located in exon 3 of the Lif gene (Stewart et al., 1992) .
Growth and bone histological analysis
For embryo staging, we considered noon of the day of vaginal plug as E0.5. For analysis of growth, embryos and their placentas were dissected separately, dried with absorbent paper and weighed. For histopathology, embryos and neonates were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS), decalcified in 0.3 M EDTA (pH 6.3), dehydrated in ethanol, and paraffinembedded. Blocks were sectioned at 7-14 mm, stained with hematoxylin/eosin (H&E), or Shiff periodic acid stain (PAS), or were used for immunocytochemistry or in situ hybridization. For skeletal analysis, embryos were eviscerated, fixed in 96% ethanol, and stained with alcian blue and with alizarin red S (Sigma, St. Louis, MO).
For immunocytochemistry, paraffin sections were dewaxed, rehydrated, washed with PBS, incubated with 7.4% H 2 O 2 for 10 min and exposed to a solution of 0.1% Triton X-100 and 10% goat serum in PBS for 1 h. They were incubated overnight at 4 8C with the polyclonal anti Sp3 antibody (D-20, does not recognize Sp1, 2 and 4, from Santa Cruz Biotechnology, Santa Cruz, CA), at 1:200. After washes, sections were incubated with biotinylated antirabbit IgG, diluted 1:200. The avidin-biotin system (Vectastain ABC, Vector, Burlingame, CA) was used following the manufacturer's instructions, and peroxidase activity was developed with 0.01% H 2 O 2 , using 0.5 mg/ml 3,3 0 -diaminobenzidine (Sigma).
Quantitation of neurons and olfactory bulb area
Mitral neurons were counted in every fifth serially cut H&E-stained section (7 -13 per embryo) under a 40 £ objective. These large and triangular neurons are localized in the mitral cell layer. The number of cells per olfactory bulb was obtained by multiplying the mean value per section times the total number of sections of the olfactory bulb. The olfactory bulb area was estimated on the same H&E-stained coronal sections by means of a ruler included in the ocular lens with a 20 £ objective. The average value of the perpendicular axes divided by two was used for the equation pr 2 .
Lung cellular and ultrastructural studies
Lung samples of E18.5 embryos were cut into small pieces and fixed in 4% paraformaldehyde, 2.5% glutaraldehyde and 0.4% picric acid in 0.1 M cacodylate buffer (pH 7.2) for 2 h at 4 8C. After washes and dehydration in ethanol, they were embedded in Epon resin. Semithin sections (1 mm) were obtained from resin blocks, stained with toluidine blue and observed under phase contrast. For ultrastructural studies, ultrathin sections were placed on grids, counterstained with uranyl acetate and lead citrate, and observed at 80 kV in a Jeol 1010 electron microscope. Immunocytochemistry was performed in sections as described for bone.
In situ hybridization
For Sp3 radioactive in situ hybridization, an antisense oligodeoxynucleotide (ODN) of 40 bases was synthesized corresponding to a position in the mRNA without significant homology with the other known Sp family genes (5 0 -GACACTGTGCCATTTGATGAATCTGATCCTGGTG-CAACTG-3 0 ). A corresponding sense ODN (5 0 -CAGTTG-CACCAGGATCAGATTCATCAAATGGCACAGTGTC-3 0 ) was also synthesized as a control. The ODNs were endlabeled with [g-33 P]dATP using a terminal transferase reaction (Roche, Mannheim, Germany). The sections were dewaxed, rehydrated, postfixed, permeabilized, treated with triethanolamine-acetic anhydride, prehybridized, and then hybridized with radiolabeled ODNs in the presence of formamide, dextran sulfate, and Denhart's solution at 30 8C under RNase-free conditions. The sections were washed in 1 £ SSC at RT for 1 h (last wash), dried in ethanol and exposed to a Biomax MS film for 13 days. The film signal was captured by densitometry (GS 800 BioRad, Hemstead, UK) and converted to pseudocolor using an Image Quant image analyzer program.
The probe for non-radioactive in situ hybridization for mouse Ttf-1 was a fragment of 528 bp in vector pFIM-4 (a kind gift of Roberto di Lauro, Stazione Zoologica, Naples, Italy). The rat Sp-B 0.5 kb probe was in vector pGEM4Z (a kind gift of J. Floros, Pennsylvania State University, Hershey, PA). Antisense and sense digoxigenin-labeled riboprobes were prepared using an RNA labeling kit (Roche). Hybridization was performed on paraffin sections which were dewaxed and hydrated, blocked with acetic anhydride (endogenous peroxidase was sometimes blocked with H 2 O 2 ) and hybridized at 60 8C. Following RNase digestion and stringent washes, the sections were incubated with antidigoxigenin-HRP antibody and AP-streptavidine (Roche) amplified by the TSA Biotin System (Perkin-Elmer Life Sciences, Boston, MA). BCIP and NBT (Roche) were used as chromogenic substrates.
